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IS THERE ANYTHING OF PRACTICAL ‘JALUE HIDDEN A~dNGST THE
COMPOSITE TOUGHENING THEORIES?! - A JIM MUELLER PERSPECTI~JE”

Frank C. Gac””

Los Alamos National Laboratory
Ceramic Science & Technology Group

Los Alamos National Laboratory
Los Alamos, New Mexico a7545

QBSTRACT

Numerous theories have been developed over the last
:nree decades for eM13]alnlnq the touqhenlnq behavior of

discontinuous T“it3er reinforced brittle matrix ~-c,mposltes.
The Issue IS the practical enqineerlnq utllit’+ of ~hes~

theories. Upon compiling a table of fiber parameters that
are identified in the predominant toughenlnq mechanisms, a
llum~er of important features become evident for achlevlnq

high touqhnesses. First, all of the mechanisms indicate

that a high fiber iolume fraction 1s desirable. Second ,
residual stresses appear to influence all uf the composite
touqhenlnq mechanisms. Third. the hlqhe=t fiber tensile

strength 1s preferred. Finally, fiber diameter and fiber-
matrlx lnterfaclal shear %trenqth are also lmPortantt but
both are composite svstem and toughening mechanism speclflc.

1,. INTRODUCTION

It I!% a tremendous honor to present th@ 1990 .]ames 1.

Mueller Memorial lecture. It IS especially flatterlnq to be

tne tlrst student of J~m’s to do such.

Nearly four years have passed since hls death. It 19 a

~-ertal,lty that many of vou knew Jim and It IS also l~kely

th~t %ome? of VO!l have \Itt]e or no idea who ttl19 man was.

.prP%@nt,ed at th~ 14th Anrlual Confererl(:lz on CcJmPosl te% and

/Wvanced ~eramlrs, spon~ormd by th~ Enqlnwwrlnq Ceramic%
DIVIL~lOII of the Amerlcarl Ceramic Societv~ Cocoa 14each~ F1.j

.Iantlary 150 1990 (Jdme% I . Muml ler Memor~al Lmcture) .
‘-Mpmb~r, AmWt-lc.al! (:wramlc Sc)clc?ty.



The foilowlng Drlef blographv w1ll stir LID memories for some

and pravidC mew information for Sthers.

James 1. Muell@r was born to August L. and Lydia lH@yn)

Mueller on June 261 1916 (Figure 1.).” Jim recei’ied hls

B.S. in 1939 from Ohio State Unlwersity and hls Ph.D. in

1949 from the University of Missouri-Rolls. Both degr~es

were in Ceramic Engineerlnq.

Jim’s accomplishments and awards were many. His career

*as centereo around the Unlver%ltv of 14ashinqton~ which he

:alRed in 1949 as an Assistant Professor. with tne asslgn-

,ment of dmvelopinq a Ceramic Enqineer]nq curriculum (Figure

2.). AS 6 result of hls efforts~ thm Ceramic Engineering

Division was created within what was then the Department of

fl~nlnq, Metallurqlcal anti Ceramic Enqlnwerlng~ and is now

termed the Department of Materials SCl@nC@ & ~nqlneerlnq.

!lanv a renowned studert have been produced by that

depal-tment over the /ears, and “Dot,” a% his students

affectlonatelv called him- 10 d@ub* lnf]uenced al 1 cjf them.

One example 1s astronaut Dr. Bornle J. Dunbar, who durlnq

the presentation uf thi% lecture was orblttlnq the eartt}

aboard the Space Shuttle Columbia! Bonnie was part of a

fl ie member crew td%kmd with two primary objectives- 1) the

:ieplovmant of S’fNCOMQ a communications satellites and most

lmDor?antly from the standpoint nf materials types- c?) ‘he



long awaited retrieval CIf the Lonq Duration Exposure

Facility or LDEF.

space, what an excltinq frontlerl Ooc was oest known

far hls Interest in the space program (Figure 3. ). Between

the vears of 1963 to 19~7. he received continuous funalnq

from NASfi totallinq nearlv eight million dollars (%EI M).

That translates to rouqhly two hundred and forty thousand

dollars (s240 k ) per year. One especially noteworthy

zutcame f-em that research was the development of an

:nnovatl,<es new ● lnteralsclpllnary proqram entitled 9rlttle

Materla]s K)eslqn. In fact, It was that program that

attracted the author to the Unlver%lty of Mashlnqcon to

pursue a Ph.D. Yet another noteworthy development was the

research Jim directed an addres61nq the attachment problems

.~ssoclated with the SpacEP Shuttle’s thermal pra~ectlon

tiles. This work resulted in Jim belnq awardmd NASA’%

PIIblIZ Ser/lce Medal 111 1991.

):m was ,Alsn a devoted member mf the Amcrlcan Ceramic

SOcll?tv. One rannot beqln to review ●ll of the commltteeg

dnd programs he participated in. !Affice lt to say!

however, that Jim’% efforts did not qo unnoticed. H- was

recoqnlzed both AS ● Fellow and a Distinqulsh@d I..ife Member

[If }hp Americarl ~.erani~ Sac]etv~ recel%ed numerous other

~warrlr,~ .Irlrl‘ipr ved as the I’res\dent of the ‘Sotletv !n 19R1 -

I‘“?0?.

} Illally, Jlm had a properl%ity for the practlc~l. I Ie

I.lisul,iyt?d an Imprm%slve ~bility to identify national aIKI
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-orldwlae trends In mater lais and boll these trends sown to

Gract>cal i‘5Sues . These issues mlqnt be ?echnlcal 2r

aamlnlstrati’ie In nature~ which havlnq been identified could

then ae addressed by an individual o-r p_E,ef_e.r_raQ_ly.a. team of

Lmaivld-q,als Today’s........ .-._ ●
“Cocoa Beach Meetlnq,” the Enq:neerlng

Ceramics DlvLslon af she American Ceramic Soclety~ and the

!~nlted States Advanced Ccramlcs Association or USACA ~.JArn,

lnc~aentall”f. was uSACA’S first president in 19S5) were no

cauot heavl 1.+ Influenced by Jim Mueller’s foreslqnt ana

7Jr5penslti ‘iar ?he l,-act!cal.

The next section w1ll demonstrate how Jim Mueller’s

practl=al perspectlv- pervaclms the author’s approach ta

cerarnlc enqlr]eer:nq, and more Speclflcally lnf]uenced a

:ODIC 5f particular interc~t to the ●ttendees of the l~th

Lnnual Meetlnq on Composites and Advanced Ceramic Materla18,

“lamel.~s ceramic comro%ite development. The question at hand

1s, !s there an.itml~q of nract:cal #alue hidden amonqst the

:crnposl te tauqhenlnq theories-)l”



the ceramic. for e~ample, by shrink fittlnq a metallic

sleeve around a ceramic rod. G secona mechanism Involves

increasing the mechanical energy consumed per unit area of

crack propagation. The lncarporatlan of a ductile phase in

a ceramic would satisfy this criteria because mechanical

energy would be consumed In plastically deforming the

‘Iuctile phase dur$ng crack propagation. The third mechanism

involves decreasing the local strain by crackincjj which

reduces the crack tip stress concentration. Matrix

lmlcrocracklng without catastrophic fracture obviously

satisfies this criteria. The issue, of courses is what is

the engineerlnq utility of the microcracked composite.

The predom~nant toughening concepts are enumerated in

Figure 5. The remainder of this lecture wlil elaborate on

the practical ftindamentals of most of these concepts and

cul’nlnate with a table that one can use as a guide for the

jev~lopment of fiber or whisker reinforced ceramic matrix

composl tes.

1, Modu.lqS .~,ra.n%f~c

This mechanism operates on the basis of transferring

the applied load from a lower elastic modulus matrix to thm

hlqher elastic modul~% fibers? to achieve Strain uniformity

wlthln the structure (I.e.? ~train in composite = fiber

,;tr”aln = matr~x stralm). A strong, non-slipplnq , ber-

matrlx interface 19 required for this mechanism to operatw

!Pfft?ctlvely,



For a compos;te reinforced with continuous, uni–

directionally aliqned fibers, the corresponding stress in

the camposlte is given byl :

[

Ef
uC=um (1-vd+vf~

m 1 (1)

where u,..is the stress in the composite? u~ is the stress in

the matrix, V. IS the volume fraction of fibers- and E. and

E,. are the modulus of elasticity af the fiber and matrix.

respectively. Examination of this expression reveals that

the greatest improvement in the composite strength would

occur when the elastlc modulus of the fiber is much greater

than the elastic modulus of the matrix. In addition, the

higher the fiber volume fraction the better (up to a

practical llmlt, of course).

A potential composite that could benefit from the

modulus transfer concept is the silicon carbide (SiC)

whisker - reaction bonded silicon nitride (RBSN) matrix

system. The elastic modulus of VLS SiC whiskers has been

reported to be 5Q1 GPa (B4.3 Mpsi)~ and that of RBSN is

reported to vary over the ranqe of 97-221 GPA (14.1-32.1

Ipsl).’q Thuss the elastic modulus of the SiC whisker% 1s 3-

6 times cjreater than that of the RBSN. Hence, %trenqthenir,g

by the modulus transfer concept 1% conceivable. The

difficulty arises In maintalnlnq the SiC whisker integrity

durlnq RBSN fabrlcatlor,.
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Toughening is accomplished through tnis concept simply

beca~se an increase In local driving force 1s required to

propagate a crack through the composite systemt as Increased

load is being accamotiated by the fiber. When dealing with

discontinuous fiber or whisker reinforced composites? one

must also address the load that a given length fiber can

bear and the stress concentrations that occur at the fiber

ends. This concept was nicely illustrated by Schuster- in a

composite consisting of a 25 Pm diameter by 3000 Pm long

sapphire whisker In a photoelastlc resin ,matrix, as shown in

Figure 6. The elastic modulus ratio of the whisker to the

,natrix i5 appr~xlmatel, ii25. The matrix stress reduction

a!ong the length of the ,whlsker IS rouahlv A factor of two.

whereas the stress :s intensified at the whisker tips by a

factor of three.

2fl.~jbec...pul:ouot.t

An expression has been developed for the fiber pull–out

theory which defines the maximum work-of-fracture (WOF) one

can achieve in a composite.~- I’- This is important because

the WOF is an indication of the toughness (or more

specifically, the R-curve behavior) of the composite. The

e~pression is:

(2)

where WOFP 1s the maximum work-of-fracture for fiber pull-

out, rr is the fiber radiu%~ 7 is the fiber-matrix



;nterfac:al shear strength, and all ather terms are as

previously defines. ‘his ex~res6ion states that the

camooslte ‘mtouqnness-’ will be enhanced with large v~lues of

fiber ‘~olum~ fraction) high fiber strenqth~ a sm~a]l

interracial shear strwnqth~ and~ interestingly enough! a

large fiber radius.

= Crack Bridainq-...~.....____ ___

Another important toughening concept that 1s recelvinq

a lc? cf attention is crack brldqinq. The crack briaqlnq

:neor.# Li- l,”SPostulates that ;ntact relnfor cements E@hlnd the

zrimar’ti crack frant w~ll brid.qe the crack surfaces in the

follaw~ng wake region, thus inhibltinq further crack opening

and “educing the stress intensity at the crack Yip. Evans

and McMeeklngJP have proposes three bounding solutions for

:hls model: 1; frictional bridging resulting from an

~nbnnded fiber, 2) strong particle bridglng~ and 3) ductile

Sart;cle brldqinq.

Fr-l,ct~onal Brl,d.QJ.ng !Flgure.7-~)_ala....------.__-.-.- –.-. When the- . .— -—.

relnforclnq fibers ● re unbended and fiber motion is

restrained by friction, then the crltlcal stress lntenslty

factor (toughness) , K=, for frictional bridging can be

●Dproxlmated bv:

(3)

where G 1s the ● lastic shear modulus of the composite, A? is

the areal fraction of relnforcwments on the crack ~lane (an
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indication of the volume fraction of reinforcements) and all

ather terms are as previously defined.

b. Strong Particle Bridgina (Fitaure B ) The critical—-._,____ .- -,,—___ .—_— .-.___ -..._-A._

stress intensity factor for the strong particle bridging

case is approximated by:

(4)

where now t~e “f” subscript simply re+ers to the reinforce-

ment ~ be lt a whisker or a particle. This expression

represents the situation where the interracial shear

strength goes to infinity, such as for whiskers that are

strongly bonded to a matrix. It should be noted that the

bridging particle does not need to be tougher than the

matrix for this mechanism to operate. It must only be

stronger .

c: Ductile Particle Bridq~nq (Fiqu~g.. 9.) When the-—- ...— ..——-. ____ .._-...___.-_.—

Darticle is “tougher” than the matrix, the situation can be

ciescribed by a ductile-particle-extension bridging

mechanism. The e~pre~slon for that critical stress

intensity factor is ●pproximated by:

K. ~ fl(~Aruy Grf(().5 + exp(~f)) (5)

where f) is an empirical factor related to the ductility and

size of the ductilw particles C is a constraint factor that

1s believed to bm of the order of 6-B for crack pinning by
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ductile particle reinforcement u. 1s the yield stress of

tne particle? CF 1s tr,e particle failure strain, and all

ather terms are as previously defined.

One central result emerges from these three crack

arloqing mechanisms. Namely, that toughening will increase

with lncreasinq reinforcement strength, increasing reln-

‘orcement size or diameter~ and increasing reinforcement

~olume fraction.

-. Crack Arrestin~Blunt ing.-—...— — .-—-.. .—. .—.

Yet another touqhenlnq mechanl’sm lS crack arresting or

bl~ntinq. On one hand, It can be ‘~iewed as a generalized

form of crack brldqing, in that it represents the extreme

Ease where the particles have sufficient strenqth and

toughness to completely resist fraCture. On the other hand,

it represents a situation where crack propaqatlon 1s

eliminated by removing the stress Concentration ●t the crack

tiD, such as by Introducing a hole (e.q.~ a circular or

spherical pore) aheaa of a propagating crack. The issue lS

one of c’~mposlte performance criteria. A particle whlcn

display’s sufficient toughnes% to arrest cracking at ambient

temperatures e.g., a metals may be much too plastic and/or

lack environmental resistance at elevated temperatures.

Canver5elyr refractory re~nforcements are typlcal]y brittle

at ambl Snt temperaturo~ and thus, iack the fracture

touqhness nacessarf to completely arrest fracture in that

temperature reqlme. Finally, the presence nf porosity may



11

be advantageous from the standpoint of toughness but can

have an undesirable affect on strength.

5 rrack Bowing,.-”....—7...—.—....... —

The crack bowing conceptl’” ‘A is related to crack

bridging in that it is alsn a crack impediment process. Qs

described by Faber and Evan~J ‘:

“crack bowing originates from resistant second

phase particles in the path of a propagating

crack. The crack tends to bow between the

~.lrticles, causlnq the stress lntenslty along the

bowed segment of the crack to decrease (while

resultlnq in a corresponding Increase in the

stress intensity at the particle). The d~qree of

bowinq Increases until the fracture touqhness of

the particle 1s reached? whereupon crack advance

ensues. “

The crack bowlnq concept 1s illustrated In Fiqure 10., with

a sketch taken from a publication by Lange. i’* In th~s work,

Lange proposed a model for crack bowlnq that was based upon

the hypOtheSIO that a crack frOnt possesses ● line energy

slrnllar to a dislocation. The result of this work is

znntalned In the following equation:

()(;,=2 -,”+;
(6)

where G, IS the amount of @nwr-qy required to extend a r.rack

a unit Imnqth (i.w., thm fracture ●nmrqy) , ,, is the %Urfacc
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energy of the matrix material , T is the line energy per unit

ienqth of crack front, and D is the d15tanCe between the

second phase particles. This expression indicates that a

brittle material’s resistance to fractures i.e.~ tobqhness.

Increases wi th a decreasing mean free path between the

part.iclesr and hence, an increasing volume fraction of

particles. This implies a particle size dependence in that

at a giv~n volume fractions smaller particles will provide

for more crack pinnlnq Sltf2S per unit volume. Lanqe also

=Lnc!uded that Slgnlficant toughenlny does not occur unless

the Dartlcle spaclnq is significantly less than the flaw

size.

6. -T,f~g-k..D.efl@ct ion

The crack deflection concepti ‘ ““ lS related to the

crack bowlnq cuncept in that it slmllarly addresses the :

Interaction of a prupaqatinq crack with a second phase

lncluslon cr particle. The dlstlnctlon lARS in the fact

tnat crack deflection produces a non-planar (twisted) crack)

as illustrated in Fiqure 11.J whereas crack bowing only

pro[!uces a non-l lnear crack front. The non-planar crack

arise% mithmr from rmmidual stresses present in the material

ar\cj/or from the existence of weakwned interfaces.

Faber arid E’~ansl”Z. I- conducted a systematic st~d~ ‘f

r.-r.l(,k deflr?ctlnn In an attempt to dmvelop a mod@l for the

phetmmenon. The mudel 1S baged on fracturm mwchanlr:

prlmrlpie% and haslcally con%lsts of two part%, a crack tilt

fllr~rtlon ●nd a crack twist function. They ●msummd that, whmn



13

a crack approaches or Intercepts a rnicrostructural

:nhomoqenelt”i~ lt w1ll tilt at an angle that depends Gn the

orientation and position of the particle with respect to the

advanclnq crack! as wel 1 as upon the nature of the residual

stress that may be present between the particle and the

matrix. The tilted crack 1s subject to mixed-made local

loadinq~ char’acte’-ized by Mode I (opening) and Mode II

(sliding) contributions to the stress intensity. Faber and

E/ans then assumed that subsequent advance of the crack may

result in crack frOnt twist and additional tilt, dependlnq

~n the orlentatlan, position and stress state of adjacent

particles. The twlzted crack contains both Mode I and Mode

III ~tearlnq) stress Intensity components. They proposed

that the increase in fracture touqhness imparted by crack

deflection could then be determined by evaluatlnq the local

%tre~s lntensltles at the tilted and twisted portions of thw

crack ‘rent. Faber and E#ans proceeded with this analy%ls

and also lncor~crated particle morphology effects by

lnvestlgatlnq three dominant morphologle~: a sphere! a rodv

and a disk.

as a result of their ●nalys~m of crack deflect~on,

Faber and Evans’ ‘ presented a number of important

conclusions. The ,ncrea~e In touqhness imparted by crack

deflection depends on particle shape and the volume fraction

nf the second phase. The most effectlvw particle morphology

for deflect~r)q cracks 1S the rod of “high” •=p~ct r~tlo.

However, the touqhenlnq lncrmasw tends to saturatm ●t ●spmct

;



ratios greater than about 12. Slmllarly, touqhenlnq

saturates at fiber ~olume fractions of about 207.. The

Faber-Evans analis~s aiso predlcte5 that toughening will be

independent of fiber size. However , ~.ome qusstlon exists on

this prediction, since at a given ~olume fraction! smaller

partlCleS will provide for” more crack interaction sites.

Finally? the Faber-Evacs analysls made no prediction as to

the effect of interfaclal bond strength on toughening,

althouqn lt iS certalnl~ understood that weakened interfaces

directly Influence the propensity for crack deflection.

7. Matrix Mlcrocrdck_j-ng.. —.-..—.— — .... ....

The phenomenon Gf matrlr mlcrocracklnq occurs because

of thermal expansion dlfference%~ phase transformations and

differences in elastic modull betwee?n the matrix and a

second phase. “ ““ The refractories ~ndustry has

capitalized on mlcrocracklnq for /ears to achlave tt,ermal

shock resistant bodle%. The mlcrncracks in these systems

,fr, ?*en ~re-e~lstl’-q and iarqe In size, re%ultlnq In

=Flatliel{ WJ~ak !Jc)cl:eq. :~1 ,nr]f p r ~r .=r)r,.I?ar’.;, *,f)p

qerleratlon 3f %ma!! mlFrnc-.3ckz at, :T near, J malr~ ,,arb

? 1P hdS becc)me ,1 !Oplc nt Interest. MIcrt]crack~, (;cc.\II fl-~m

the superposl tln”l rlf the hlqh tensile qtr~sses t (]ll~~rl?.r,~tea

near the crack +.IP with the lntrln%lc ml%match %tre%%es~

r~sultlnq 1~ a mlCrorrackC?d “proc.e%n” ror~e around th~ c-r~ck

tip, aS lllu~trateci lrl Flqure 12.

~ flrslt (]rd@r @9tlmate uf thw l,pp~r bour}[j of fr,~(t~lrp

enerqy lncroame9 G,,,., duw to mlcrncracblrlq (pmr ,Jlllt ●rea
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of advance of the main crack) was determined by Rice. el The

result 1s ~resented in equation (7):

2ra~mC\’rL
3G.. = -

(!
(7)

where L and aL are the major and minor axes of an elliptical

,microcrack process zone (a is ~ i); .,C is the microcrack

interracial fracture energy? Vr 1s the volume fraction of

second phase particles, and d is the diameter of the ser!ond

phase par .Icles. Thus, G,,,,.1s directly proportional to the

boundary fracture enerqy~ the volum- frdCtlOn of particles

which induce the microcracks~ and the pr-ocess Zane size. It

15 inver6ely Proportional to the diameter of the particles.

8* ,..-...-–..._...._Resldua-1,.S!.TRSS-.,E-t.fqE.X..%

The Importance of elastic modulus dlfferenceg have

already been discussed, and the lrrfluence of phasw

transformations and thermal expanmlon differences have been

~lluded to. Residual stresses resulting from thermal

enpanslon differences merit additional discussion.

Thermal expansion differenc~% can rmsult In residual

%tre%mes which m~y directly influence thm load bearlnq ●nd

toughening rharactmriet~cm of a composite. f-or a twcl-

c~lmmt,,;lonal prnblem In \llane strain corrslstinq of ● circlJ1ar

rplrlforrmmmrlt ~]artirlr (fibwr ) embmdde~’ lrl ●n lnflrlltm

matrix, th~ tlhmr mxpwrlence8 a radial %tresm~ u, c whi(:h can

be apprnxlnatmd by-n:
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(Crm
(?r =

– W)ATEm

(l+wnJ+ (l+w)(Em/Er) (0)

where a,m is the thermal expansion coefficient of the matrix~

av is the thermal expansion coefficient of the fiber, T is

the change in temperatures ,. is the Poisson’s ratio of thm

matrix! ~ is the Poisson’s ratio o{ the fiber. and Em and

E, are the same as previously defined.

When a, “~w,.. c.oolinq from the processing temperature

places the fiber in tension and the matrix in compression.

Silicon carbide whl=kers in a silicon nitride or corc!ieritm

mat:-lx are example% of this situation. In this scenario, an

increased local drivinq force would be necessary for crack

propaqatlnn to occur through the matrix. If the fiber-

matr]x mismatch 1% too ial cje andior the ]nterfac~~l bond is

too weak, ther} cracks may develop around the fiber,

e%sentlally debondlnq the fiber from the matrix. Th~m COUld

be beneflrlal to touqhenlng b’~ a fiber pul l-out mechanisms

but It would probably Anhlblt slqnifica,lt strenqtheninq.

Another point to cumsider is that if the interfaclal bond

%tr’~nqth is so larqe that the matrin is malntalr~wd in

compre%slon, then the fiber IS “pre-loaded” ~rl tmnslon.

Thlm may reduce the overall tensile load that th~ fiber can

~ustalr~ ~lthln the I:umpeslte and thm ~trenqth nf the

[“omuowl te may !\nt achlevw Its optimal Ievml.

If th~ (XP ‘ UmI conllnq fram thw procesmlliq temperature

plticws tll- flllpr In rompr~mmion and thp matrix In tmnmion.
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This is the situation for SiC whisker% reinforcing a~umlnd~

mullite, molybdenum disillcide~ magnesium aluminate spinel

or zirconla matrices. This scenarla is believed to enhance

toughening by mdtrlM microcrackinq and crack multiplication.

it could also enhance toughening by pl”omotinq crack bridging

by the fiber) since greater applied %treSSeS must be impos.d

on the fibers to attain their fracture stresses.

9.2.,. Summary of Touqhenina Theo~ Predictions...— -.— --—.

Table 1 summarizes the touqheninq predictions for

dlscont~nuous fiber reinforced ceramic matr”lrn composites.

From the practical materials enqineerl.lq viewpoint, a number

of features are evident in tl~:s tabular summary. First, ●ll

mecha,lisms dictate that a high fiber volume fraction LS

desirable for achieving mawlmum toughness; i.e, “more 1s

better. ” Hence, processing research should be directed ●t

effectively incorporating

and preferably >20 VO1’A)

Gecond. res~dual stresses

high volume loadings (at least 10

0 ,f fibers within ceramic matrices.

appear to Influence all of the

compos~te touqhe-lnq mwchanlsmm~ ●lthounh fcw relatAon8hips

have been detieloped for quantltatlv@ly predicting the

r~%ldual stres8m8 or their ●ffectm on compusite touqhnmms.

lh{~m, resmarch 18 warranted In this area. Irl ~plt~ Of this

lack of pr~dlctlve capabllltles~ the comp~tent cmramlc

matrix cornpo>its dcslqrler •ho~lld ● t lmast ba ~o~niz~rlt of

t.t~eInflumnce that rmsldual strmsgmm may have on hls

f nmposlte system. Third, It ●ppmarm ti}at thw Illqllc?st fib-r

*.~nm] le etrmnqth im ●dvantaqeausl k.~.t “stronqer i-
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~~,.5 ,~.:.,.:~~ das c:nrlgure~ “33 ‘.r!ac : “. ‘23:JIIY ne or

:aiue tc “..ne ~0’JICe dna e~per?. ali~:e. Tk,us. ;: :s ‘.ne

●uthor’s rlape r.P,at 3ii who read ~-p,:.s manuscript ml~nt

identity a nugget sr prererrablv a mother load ot :Isetul

inrormat:cn ]n :ompf251te daveloDment. In res~anse F.O the

question, “1s ?.nere anything of practical value niaaen

amonqst :ns :GmDOSl?.P ?.JIJ~nOnln~ ~.pie~rles;!”, the answer 1s,

“Yes. absollJtel”{!” The 1 ikelv :01 iow-up response rrom “Dot”

ml~ht be. “:s. ~ha? arc you Iolnq sitting ~n vour 71
.—- .

;@ ?- ICIIJ t ‘per@ dn,l 30 :omethlnu!” ‘Figure :3,..
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i. Aoorev la tea ‘j~ra or James !. .Hue I Ier.

*-. =ummarv Gf Jarn8s i. ?luelier’s historv at tne Unlversitv
or Uasnlng ton.

3. Summary af James : . !luel Ier’s accam~ilsnemncs ana
awarcls.

4, The numerous touarlenlng concepts can be genmraiized
‘nto three basic mecnanlsms..

=-. Znumeratlon of the nreaomlnant ‘.guznenlnz carIcaDts.

.,
e. ,., ustrat:cn :r :ne stress ;eauct:an Icentral :~alan)

ana stress intenslficat:on I f I oer :;D5) :nat occurs in
a sa~onire whlsken relnrorcea Dulvmer: :rom L. R.
jchuscer, “Single ana Plulti-Fibar interactions in
Discontinuously Relnrorced CamDosites. ” PP..G. thesis,
Cornell Unlvarsity 1967).

7. Illustration of crack bridging configuration for
slipplnq tihers: aOaDteci rrom A. G. Evans ●nd R. tl.

tlctloeking, “On the Touqhenlnq G? Ceramics bv Strong
Reinforcements. ” Ag~.a Met.. 3.4 [121 2435-41 (1986).

PJ, illustration cf crack bridging configuaratio n for
strong particles: ●daDCOd frOm lb~

2-. !I lust ration of cracK Dridqlnq con? iguratlon with

auctlie ~art:cles: aaaDt?a rrom loid.—.’

:9. !ilustratlon of :hm crack bowing concept; aOaDted from

F. F, Lanqe. “The InteractIon of ● Crack Front w~th a
Soconcl-Phas@ Dispersion. ” Phil as. flag. , 22 983-92
(1970) ,

—

11. [1 Iustrar.ion of crack deflection around rods r)f two

●spect ratios [R): from K. T. Fsbor ●nd A. G. Evans.

“Crack [’election Procossms - [. Theory, ” Acts Met. . 32.

565-76 (L9H3),

12. local ized mlcrocrack Process zono around tip ot main

crack: adapted from R. U. RicQ, ‘Mechanisms of
Tcu~honlnq An Ceramic (~omrsositos. ” C-ermm._Eng. ._Sci.

Proc, . ~ [7-8] 661-701 (1901).

13. “Dot’ s“ Ilkoly rssponmo to this Ioctura,



Table 1. Influence o! Fiber Parameters on the Toughness of
Ceramic Matrix Composites

Modulus Trader

t“lber Prdl Out

Crack Bndgmg

cIack Arrc4tIng;almBliq

cId FhlrI~

Crach I.Mn-lrom

Mmnx MIcrocrtig

. . .

---

---

-..

---

1 .-. 1

I 1 1

1 1 1

. .
I ..- ..-

1
● m
I ..-

1 indep. ---

(tat Q20) (costroremial)

1 J ..-

1 ..-

1 ..-

●Llorlg ---

(but Iimilai)

.9..- 1

. . . 1

●O predict. ---

(but important)

--- . . .

--- 22 -.. 1

.-. -lmportmt- 1

●

-importut- 1

=!= -importa.ol- 1

. .
I -imporlut- 1

..- -imporhnl- 1

. . . “<l’ “<lm 1

NOLC 1: C/d = tber Jea@b-to-diameter rmo, VI = Eber volume fr~m, d = hber dlamctcr, rl = 6Lcr rdiub, UI = fiber tende skrcnStb, r =

fba-mmix uwfacml &U rnrtmgtb, f-qmc. = distance betwea fbm,KI = fiberlrulurc loughn~, E = fik YoMg’s moddos, E= = matrix
Yomng’amoddms. 0, = fiber c~~ml O( tbcrm~ apumion, a= = matrix a.tetiaem of tLtrud GXPUIUUD.K, = critical ctrw irrtencity (hnrgbness)

of compmtc

Nute 2: Symbub ●urronsded by qudatwab ICPImn I lBlulilvc prc&cLlons. ~] OIhCI pIcdI. IIUDS ●Ic 11,. rewlt d kLcoreiiA OMA+.

‘T’bcimportance of the fber tougbneas depemdm OD the ty~ of CIA bridging mecbhakn tb~t is operating.
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BASIC TOUGHENING MECHANISMS

●

o

●

Increase the local driving force necessary

for crack propagation

Increase the mechanical energy consumed

per unit area of crack propagation

Decrease the local strain by cracking, which

reduces the crack tip stress concentration



~OUGliENING CONCEPTS PROPOSED
FOR CERAMIC MATRIX COMPOSITES

1. Modulus Transfer

2. Residual Stress

3. Transformation Toughening

4. Fiber Pull-Out

5. Crack Bridging

6. Crack

7. Crack

8. Crack

9. Matrix

Arresting

Bowing

Deflection

Microcracking
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DUCTILE PARTICLE BRIDGING
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CRACK DEFECTION PRODUCES A
NON-PLANAR (TWISTED) CRACK

CRACK FRONT u
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“So, what are you doing sitting

on your ?! Get o~jt

there and do something!”

“Doc”
circa 1949- 86


